Ovarian cancer cells disseminate readily within the peritoneal cavity, which promotes metastasis, and are often resistant to chemotherapy. Ovarian cancer patients tend to present with advanced disease, which also limits treatment options; consequently, new therapies are required. The oncoprotein tyrosine kinase MET, which is the receptor for hepatocyte growth factor (HGF), has been implicated in ovarian tumorigenesis and has been the subject of extensive drug development efforts. Here, we report a novel ligand-and autophosphorylation-independent activation of MET through the nonreceptor tyrosine kinase feline sarcoma-related (FER). We demonstrated that the levels of FER were elevated in ovarian cancer cell lines relative to those in immortalized normal surface epithelial cells and that suppression of FER attenuated the motility and invasive properties of these cancer cells. Furthermore, loss of FER impaired the metastasis of ovarian cancer cells in vivo. Mechanistically, we demonstrated that FER phosphorylated a signaling site in MET: Tyr1349. This enhanced activation of RAC1/PAK1 and promoted a kinaseindependent scaffolding function that led to recruitment and phosphorylation of GAB1 and the specific activation of the SHP2-ERK signaling pathway. Overall, this analysis provides new insights into signaling events that underlie metastasis in ovarian cancer cells, consistent with a prometastatic role of FER and highlighting its potential as a novel therapeutic target for metastatic ovarian cancer.
Ovarian cancer is the leading cause of death from gynecological malignancies and ranks fifth of all cancer-related deaths in women (Siegel et al. 2015) . Despite recent advances in surgery and chemotherapy, the overall survival from ovarian cancer has not improved significantly for the last four decades. In particular, the failure to detect this "silent killer" disease early results in tumor progression to an advanced stage, accompanied by metastasis. Although dissemination of most cancer cells requires migration within the vasculature, the exfoliated ovarian carcinoma cells may be transported throughout the peritoneal cavity to adjacent organs by normal peritoneal fluid; this lack of an anatomical barrier further accelerates metastasis (Longuespee et al. 2012) . It is almost impossible to render patients free of the disease with surgery due to this diffuse feature, and ∼70% of patients present with disease that has spread beyond the ovaries. Therefore, delineating the molecular basis for ovarian carcinoma metastasis may not only inform prognosis but also promote the identification of novel therapeutic targets.
The c-Met oncogene, which encodes a receptor protein tyrosine kinase (PTK), and its cognate ligand, hepatocyte growth factor (HGF), have been shown to play an important role in the aggressive behavior of ovarian cancer. c-MET is overexpressed in up to 60% of tumors from patients with ovarian cancer (Huntsman et al. 1999; Koon et al. 2008) , and its expression has been implicated in the early steps of ovarian carcinogenesis (Wong et al. 2001) as well as the advanced stages of the disease associated with poor prognosis (Ayhan et al. 2005; Sawada et al. 2007) . Targeting c-MET by RNAi in ovarian carcinomaderived cell lines inhibited adhesion, invasion, peritoneal dissemination, and tumor growth through an α5β1 integrin-dependent mechanism (Sawada et al. 2007 ).
MET is produced as a single-chain precursor (∼170 kDa); through cleavage at a furin site that is located between residues 307 and 308, the mature form of MET is formed with a highly glycosylated extracellular α subunit (45 kDa) and a transmembrane β subunit (140 kDa) linked by a disulphide bond (Birchmeier et al. 2003) . The kinase domain and the C-terminal tail, which are important for signal propagation, are within the β subunit. In the classic ligand-dependent activation model, binding of HGF induces MET dimerization and autophosphorylation of tyrosine residues in its activation loop (Tyr1234 and Tyr1235). In this form, the receptor PTK acquires enhanced kinase activity and further autophosphorylates two additional tyrosines in its C terminus; namely, 1349 and 1356. This creates docking sites for adaptor proteins with SH2 or PH domains, including GRB2, GAB1, and SHC (Trusolino et al. 2010; Gherardi et al. 2012) . Intracellular signaling components are then recruited to the adaptor proteins to activate further the downstream RAS-RAF-MEK-MAPK, PI3K-AKT, and STAT3 signaling pathways (Trusolino et al. 2010) . Accordingly, several strategies have been adopted to inhibit c-MET activation in cancers, including monoclonal antibodies against HGF to block ligand-receptor binding or small molecule inhibitors that target the receptor tyrosine kinase (RTK) function directly (Comoglio et al. 2008) . However, in ovarian cancer, AMG-102, a humanized antibody developed against HGF, which is capable of preventing HGF binding to c-MET and subsequent downstream activation, showed very weak anti-tumor effect as a monotherapy in clinical trials (Gordon et al. 2010; Liu et al. 2010) . Gastric cancer also developed resistance to a potent small molecule inhibitor of MET, PHA-665752, by selectively harboring KRAS amplification (Cepero et al. 2010 ) and/or triggering downstream BRAF and CRAF activation (Petti et al. 2015) . These observations suggest that there may still be unknown mechanisms by which the cancer cell may bypass robust HGF-MET inhibition and reinitiate downstream signaling pathways in a ligand-independent manner.
Instead of gene mutations or the production of autocrine or paracrine HGF, MET overexpression underlies the most frequent cause of HGF/MET hyperactivation in human tumors (Boccaccio and Comoglio 2006) . Such high levels of MET expression alone may facilitate receptor oligomerization and tyrosine kinase activation in a ligand-independent manner. Alternatively, it is also conceivable that some yet to be identified PTK(s) may activate MET and/or its downstream signaling cascades in the absence of HGF. Whereas treating with MET inhibitor in the former case could still inhibit activation of the receptor, the latter possibility would be consistent with the failure of HGF-MET inhibition to treat cancer cells. Here, we report an alternative, HGF-independent activation of MET through a nonreceptor PTK, feline sarcomarelated (FER). We demonstrate that FER was essential for ovarian cancer cell motility and invasiveness both in vitro and in vivo and may attenuate the responsiveness of ovarian cancer cells to the MET inhibitor PHA-665752. Considering that frequent amplification/up-regulation of MET accounts for therapy resistance and poor prognosis in a variety of cancers, including ovarian cancer, our findings pinpoint an important new signaling hub involving the role of FER in MET activation, which may provide a novel strategy for therapeutic intervention.
Results
Up-regulated non-RTK FER was responsible for elevated motility and invasiveness of ovarian cancer-derived cell lines Aberrant activation of β-catenin-mediated Wnt signaling pathways has been reported to be a feature of ovarian cancer (Barbolina et al. 2011; Arend et al. 2013) . Furthermore, deregulation of PI3K/PTEN and Wnt/β-catenin signaling pathways by conditional inactivation of the Pten and Apc tumor suppressor genes in murine ovarian surface epithelium results in the formation of adenocarcinomas morphologically similar to human ovarian endometrioid adenocarcinoma (Wu et al. 2007 ). In light of this, we compared the distribution of β-Catenin between two human ovarian surface epithelial (HOSE) cell lines (Tsao et al. 1995) and 11 ovarian carcinoma-derived cell lines. The result suggested an increase of nuclear β-catenin in most ovarian cancer cells tested (Supplemental Fig. S1A ). Concomitantly, phosphorylation of β-catenin on Tyr142 was also enhanced in tumor cells (Supplemental Fig. S1B ). We and others have reported previously that the PTK FER is a key regulator of β-catenin phosphorylation (Piedra et al. 2003; Xu et al. 2004) . Our data now also reveal that expression of FER was up-regulated in all 11 ovarian cancer cell lines (Fig. 1A) . In addition, ectopic expression of FER in control HOSE11-12 cells resulted in a dramatic increase in Tyr142 phosphorylation of β-catenin (Fig. 1B) as well as in cell motility (Fig. 1C) . The aim of these studies is to investigate the potential importance of FER in the control of cell migration and invasion and its impact on ovarian cancer metastasis.
It is important to note that, like breast cancer, ovarian cancer is not a single disease; instead, there are various categories of ovarian cancer. In our panel of cells, we tried to sample this diversity. Suppression of FER by RNAi (Fig.  1D ) led to a pronounced decrease in the motility of three different ovarian cancer cell lines (Fig. 1E) as well as in cell invasion (Fig. 1F) . These phenotypes that were associated with loss of FER were not due to changes in proliferation because we did not detect any change in cell growth by either CellTiter-Glo cell viability assay (Fig. 1G) or Ki-67 staining (Fig. 1H) . On the basis of genomic data analysis (Domcke et al. 2013 ), CAOV4 and CAOV3 cells are categorized as high-grade serous ovarian carcinoma (HGSOC) lines. To solidify our observations further, we tested the role of FER in another HGSOC line, OVCAR4. Compared with the HOSE11-12 control, FER expression was also upregulated in OVCAR4 cells (Supplemental Fig S2A) . Knockdown of FER with shRNA (Supplemental Fig S2B) impaired both cell migration (Supplemental Fig S2C) and invasion (Supplemental Fig S2D) , suggesting a critical role of FER in regulating ovarian cancer cell motility and invasiveness, especially in HGSOC lines.
Suppression of FER led to attenuated tyrosine phosphorylation of HGF receptor (HGFR/MET) and inhibition of the downstream SHP2-MAPK signaling pathway
Up-regulation and activation of FER has been reported in multiple cancers, including lung (Rikova et al. 2007) , hepatic ), prostate (Zoubeidi et al. 2009 ), breast (Albeck and Brugge 2011) , and ovarian cancer (Ren et al. 2012 ). Its oncogenic role has been implicated in the control of cell motility and invasion, suppression of apoptosis, and drug resistance (Greer 2002; Craig 2012 ). Nevertheless, due to the limited number of known substrates of FER, the molecular basis for its protumorigenic function is still largely unknown. Given its robust effect on ovarian cancer cell migration and invasion, we examined its downstream effectors/substrates first by measuring changes in the global tyrosine phosphorylation profile. Phosphorylation of a band of ∼140 kDa, which comigrated on SDS-PAGE with the mature form of MET, was markedly diminished in two CAOV4 cell lines in which FER was suppressed with different shRNAs (Fig. 2A) . Tandem MET immunoprecipitation and pTyr immunoblotting confirmed the decrease of total MET tyrosine phosphorylation in FER-deficient CAOV4 cells (Fig. 2B) . The phosphorylation status of both activation loop phosphorylation sites (Tyr1234 and Tyr1235) and the C-terminal docking site (Tyr1349), the regulation of which by autophosphorylation in trans has been established, were profoundly decreased in the absence of FER (Fig. 2C ). This decrease in phosphorylation of MET was observed in all three ovarian cancer cell lines tested ( Fig. 2D; Supplemental Fig. S3A ) even after HGF treatment, which rules out effects specific to one cell type. Interestingly, the SHP2-MAPK axis downstream from MET, but not PI3K-AKT and SRC, was primarily attenuated upon FER loss (Fig. 2C,D) . Activation of the PI3K-AKT pathway is MET-dependent in CAOV4 cells, since MET knockdown with siRNA markedly decreased AKT activation (Supplemental Fig S3B) . Furthermore, loss of FER showed no discernable effects on either EGF-induced EGFR-ERK (Fig. 2E ) or IL-6-induced STAT3-p38 activation ( Fig. 2F) , suggesting a specific impact of FER on MET regulation in these cells. In addition, loss of FER in ovarian cancer cells had no apparent impact on the regulation of its known substrates, cortactin and p130CAS, in both basal and HGF stimulation conditions (Supplemental Fig. S3C,D) , further suggesting that MET is the major target of FER in these cells.
In an alternative approach, which also helps to exclude potential off-target effects of shRNA, we tested mouse embryonic fibroblasts (MEFs) generated from mice that express a FER-D743R mutant. Asp743 contributes to the conformational stability of the catalytic loop by forming hydrogen bonds with the backbone amide groups of the catalytic loop residues. Mutation of aspartic acid 743 to arginine resulted in inactivation of the FER kinase domain as well as destabilization of the protein (Cole et al. 1999) . Consistent with previous findings, we observed that the pTyr immunoreactive band that comigrated with the mature form of MET was lost from the lysate of FER-D743R-expressing MEFs (Fig. 2G) . Tandem MET immunoprecipitation and pTyr immunoblotting further confirmed the decrease of total MET tyrosine phosphorylation in FER-D743R MEF cells (Fig. 2G ). In particular, tyrosine phosphorylation of the MET activation loop and SHP2 were markedly decreased (Fig. 2H) . Together, these results illustrate that this FER-mediated regulation of MET was not restricted to one cell type and occurred in both normal and cancer cells.
The kinase activity of FER and MET were essential for cell motility
We performed a rescue experiment in FER-D743R-expressing MEFs to address the importance of the kinase activity of FER to its function in cell motility. We established MEF cell lines that expressed either MYC-tagged wildtype or kinase-dead mutant (K592R) FER in the FER-D743R background to a level of expression similar to that of FER in wild-type MEFs (Fig. 3A) . The migration assay confirmed that destabilization-mediated loss of FER resulted in an approximately threefold decrease in cell motility ( Fig. 3B,C) . Furthermore, wild-type FER rescued the defect in cell migration completely, whereas the kinasedead mutant FER was largely ineffective (Fig. 3B,C) .
We examined further whether MET was essential for FER-modulated cell migration in ovarian cancer cells. MET expression was suppressed by two distinct siRNAs in CAOV4 cells in the absence or presence of ectopic FER (Fig. 3D) . A wound healing assay was performed to measure the impact of FER and MET on cell motility. The motility of CAOV4 cells in this assay was dramatically decreased upon MET knockdown (Fig. 3E,F ). In contrast, overexpression of FER further accelerated cell motility compared with parental CAOV4 control cells; however, this did not compensate for the loss of MET (Fig. 3E,F ), which suggests that MET was a critical downstream effector of FER in the regulation of cell migration in ovarian cancer-derived cell lines.
Activation of RAC1-PAK1, the downstream effector of MET in cell motility regulation, was attenuated upon FER loss MET regulates cell migration mainly by modulating cadherin and integrin adhesion molecules through the RAC1-PAK and RAP1-FAK pathways (Gherardi et al. 2012) , respectively. Therefore, we investigated whether these signaling pathways were impaired due to the inactivation of MET upon FER loss in ovarian cancer cells. We observed robustly elevated expression of PAK1, but not PAK2 or PAK4, in most ovarian cancer-derived cells compared with two normal HOSE controls (Supplemental Fig.  S4A ). We failed to detect any expression of PAK3 in the same cell extracts, probably due to its restricted expression pattern in dendritic cells (Molli et al. 2009 ). Knockdown of FER dampened the activation of PAK1, illustrated by the decreased phosphorylation of its activating site, Ser144 (Supplemental Fig. S4B ). Using a GST pull-down assay with the RAC1-binding domain of PAK1 as bait (Supplemental Fig. S4C ), we demonstrated that, in cells lacking FER, this inactivation was associated with decreased binding of RAC1, the direct upstream activator of PAK1.
In addition, we investigated the RAP1-FAK signaling pathway in these cells. Whereas the expression level of FAK was up-regulated in certain ovarian cancer cell lines compared with HOSE controls (Supplemental Fig. S4D ), its activation was unchanged in the presence or absence of FER upon HGF stimulation (Supplemental Fig. S4E ). Together, these results are consistent with FER playing an important role in regulating MET-induced ovarian cancer cell motility through RAC1-PAK1.
FER bound to and directly phosphorylated MET at Tyr 1349
To elucidate the molecular mechanism by which FER regulates MET, first we examined, by immunoprecipitation, whether there was any physical interaction between them. We detected ectopically expressed FER and MET in the same complex (Fig. 4A) . Furthermore, this interaction was also detected at the endogenous level of expression in three ovarian cancer-derived cell lines tested (Fig. 4B) . To address the potential significance of this interaction in relaying signals, we introduced a mutant form of MET (mATP MET, with a K1003R mutation), which is disabled in endogenous ATP loading and autophosphorylation. We observed that wild-type FER promoted phosphorylation of the MET mATP mutant at Tyr1349 (Fig. 4C) , whereas kinase-dead mutant (FER K592R) or SH2 mutant FER did not. In contrast, we did not detect phosphorylation of the activation loop Tyr residues 1234 and 1235 of MET by FER (Fig. 4C ). In addition, we also observed increased wild-type MET Tyr1349 phosphorylation in the presence of either wild-type or mutant FER, likely due to the increased level of wild-type MET expression and autophosphorylation. Due to the lack of a reliable phospho-specific antibody, we were unable to measure phosphorylation of Tyr1356 in MET. The interaction was not attenuated by either mutations in FER that affect its kinase activity or SH2 domain recognition or mutations in MET that abolish overall autophosphorylation or phosphorylation of specific tyrosine residues (1349 and/or 1356) (Fig. 4D,E) .
Downstream, we observed enhanced colocalization of GRB2 and mATP MET when FER was expressed (Supplemental Fig. S5 ). Furthermore, FER enhanced the interaction between mATP MET and GAB1, and this interaction was abolished when Tyr1349 in mATP MET was mutated to Phe (Fig. 4F) . Also, we observed increased phosphorylation of Tyr580 of SHP2 and activation of ERK signaling in the presence of FER (Fig. 4C) . Neither kinasedead nor SH2 mutant forms of FER could activate the SHP2-ERK signaling pathway to the level observed with , and Fer DR/DR rescued with either 6xMYC-tagged wild type or the kinase-dead FER-K592R mutant were immunoblotted with antibody against FER to demonstrate comparable expression. Actin was probed as the loading control. (B,C) A Boyden chamber assay was performed on the indicated MEF cells, in which migration was monitored 24 h after seeding. Representative images are illustrated (B), along with quantitation (mean ± SEM; n = 3) (C). (D) Both MET siRNAs and a FER expression construct were delivered as indicated into CAOV4 cells by electroporation. After 48 h, the expression levels of MET and FER were measured by immunoblotting, with actin as a loading control. (E,F ) Forty-eight hours after electroporation and seeding, a wound healing assay was performed on the cell lines indicated in D. Wound recovery was recorded 6 h after scratch injury. Representative images are illustrated (E), together with quantitation (mean ± SEM; n = 3) (F ).
wild-type FER (Fig. 4C ). Of note, FER activated signaling downstream from mATP MET to a level that was comparable with that of wild-type MET in terms of SHP2 phosphorylation and ERK activation (Fig. 4C) . Consistent with their coimmunoprecipitation, we also observed the colocalization of ectopically expressed FER and MET mATP (Supplemental Fig. S5 ). In addition, these effects on MET were FER-specific, since other nonreceptor PTKs such as BRK/PTK6, although active, did not phosphorylate MET at Tyr1349 (Fig. 4G) The kinase activity of FER has been shown to be affected by multiple stimuli, including growth factors EGF (Kim and Wong 1995) and PDGF (Kim and Wong 1995; Craig et al. 2001) , hydrogen peroxide (Sangrar et al. 2007 ), ECM-integrin signaling (Ivanova et al. 2013) , and the PLD-PA pathway (Itoh et al. 2009 ); therefore, we tested whether HGF-MET could also be an upstream modulator of FER. MYC-tagged wild-type or kinase-dead FER was transiently coexpressed with MET in 293T cells, and tyrosine phosphorylation of FER was compared following immunoprecipitation with MYC antibody 9E10. We did not detect tyrosine phosphorylation (either overall or site-specific, Tyr402) of kinase-inactive FER in the presence of MET (Fig. 4H) , suggesting that the activity of FER was not regulated by MET.
In addition, we tested whether FER-mediated transphosphorylation could be blocked by PHA-665752, a potent, selective, ATP-competitive inhibitor of MET (Christensen et al. 2003) . As shown in Figure 4I , PHA-665752 robustly inhibited the kinase activity of MET and its downstream SHP2-ERK signaling in a dose-dependent manner. The selectivity of its inhibition of MET over FER was indicated by the fact that both concentrations of inhibitor had no effect on autophosphorylation of FER. Furthermore, neither transphosphorylation of MET mATP mutant by FER nor downstream SHP2-ERK activation was not affected by PHA-665752. This observation illustrates that the activity of MET was not required for FER-mediated transphosphorylation.
FER formed a complex with GAB1 via MET and phosphorylated GAB1 at Tyr627
Considering that FER phosphorylated kinase-dead MET at Tyr1349, which was accompanied by specific activation of the SHP2-ERK pathway, we examined the mechanism of this signal selectivity. It has been reported that GAB1 could bind to MET directly and that this interaction was dependent on Tyr1349 (Weidner et al. 1996; Nguyen et al. 1997 ). In addition, GAB1 possesses multiple tyrosine residues, which, upon phosphorylation, provide docking sites for different signaling components, including regulatory subunit p85 of PI3K and SHP2. Interestingly, binding of SHP2 to GAB1 facilitates the dephosphorylation of p85-binding sites, ensuring MEK-ERK activation exclusively (Zhang et al. 2002) . To pursue this, we tested first whether the global tyrosine phosphorylation of GAB1 was affected upon FER expression. We confirmed that tyrosine phosphorylation of GAB1 was increased by wild-type but not inactive K592R FER (Fig. 5A) . We also detected four other pTyr proteins in the GAB1 immunocomplex following FER expression (at ∼140, 90, 72, and 68 kDa), suggesting either more than one substrate of FER or an indirect impact of FER through GAB1 phosphorylation. Furthermore, experiments using a phospho-specific antibody suggested that Tyr627 of GAB1 was phosphorylated by FER (Fig. 5B) . Consistently, the phosphorylation of this site was diminished in FER-deficient CAVO4 cells (Fig. 5C ). Of note, it has been reported that Tyr627 of GAB1, when phosphorylated, is responsible for SHP2 recruitment and RAS-MEK-ERK activation (Zhang et al. 2002) . We observed consistently the FER-mediated positive regulation of Tyr580 phosphorylation in SHP2 (Fig. 5B,C) and ERK (Fig. 5B) activation, leaving the AKT signaling pathway unchanged (Fig. 5B) . We observed FER-mediated phosphorylation of Tyr627 in GAB1 in CAOV4, CAOV3, and OVCAR5 cells (Fig. 5D) , illustrating that this effect was not restricted to one specific cell line. Furthermore, the extent of phosphorylation of Tyr627 in GAB1 was decreased in FER D743R transgenic MEFs (Fig. 5E ), ruling out possible RNAi off-target effects. Loss of GAB1 dramatically decreased the activation of PAK1, suggesting an indispensable role of GAB1 regulating downstream PAK1-RAC1 activation (Fig. 5F ).
To investigate whether there was any physical association between FER and GAB1, we conducted immunoprecipitation experiments in all three ovarian cancer cell lines, examining the endogenous levels of the proteins. Interestingly, compared with IgG control antibody, we detected GAB1 in the immunocomplex precipitated by the FER antibody and vice versa (Fig. 5G) . To test whether this interaction was direct or MET-mediated, we expressed FER and MET mATP either alone or combined in 293T cells and then immunoprecipitated GAB1. FER was observed only in GAB1 immunoprecipitates in the presence of MET mATP, and the presence of FER coincided with phosphorylation of the GAB1-interacting motif Tyr1349 (Fig. 5H) . This suggests an indirect interaction between GAB1 and FER, with a "scaffold" role of kinase-dead MET to nucleate these signaling components and facilitate downstream pathway activation even without the kinase activity of MET.
Loss of FER impaired the metastasis of ovarian cancer cells to the lung through MET inactivation
Our observation that FER-deficient ovarian cancer cells showed reduced migration and invasion prompted us to investigate its role further in vivo. We adopted a xenograft mouse model with subcutaneous injection of either shCon or shFER CAOV4 cells to evaluate whether expression of FER affected the metastasis of ovarian cancer cells (Fig. 6A) . Five weeks after inoculation, the mean subcutaneous tumor volume in each group reached ∼250 mm 3 , with no significant difference in the presence or absence of FER (Fig. 6B ). In addition, we did not observe signs of metastasis in any of the mice at that time (Fig. 6A) . In order to relieve the tumor burden as well as provide a clean background to monitor the outgrowth of metastatic lesions, we performed surgery to remove all of the subcutaneous tumors. We did not see a significant difference in tumor weight in all three groups (Fig. 6C) , consistent with the cell-based assays (Fig. 1G,H ), suggesting that FER had no impact on ovarian cancer cell proliferation. In addition, we achieved complete removal of the subcutaneous tumor, with no luminescence signal in imaging 4 d after surgery (Fig. 6A) .
We continued to monitor the incidence of tumor metastasis, and, from day 53, which was ∼2.5 wk after surgery, we began to detect a signal in the lungs of mice in the shCon group but not from the shFER groups (Fig. 6A) . This observation was consistent throughout the whole course of the experiment, until we sacrificed all of the mice at the end of week 10. We collected the lung, liver, and bone from each mouse and tested the intensity and incidence of the luminescence signal. We detected the signal from the lung only in the control shCon group (Fig.  6A) ; furthermore, both the number of nodules (Fig. 6D ) and the area (Fig. 6E ) of lung metastases were significantly higher in the shCon group as compared with both FER-deficient groups. H&E staining further confirmed the frequency as well as outgrowth properties of metastasis nodules in lung sections from shCon mice (Fig. 6F) , strongly supporting the role of FER in ovarian tumor metastasis in vivo.
In order to examine potential changes in HGF-MET signaling in the presence and absence of FER, we performed immunohistochemistry staining on subcutaneous tumors. We did not observe changes in cell morphology in subcutaneous tumors by H&E staining (Fig. 6G) . Antibody staining confirmed the clear knockdown of FER throughout the xenograft experiment (Fig. 6G) . It is important to note that the signal of MET activation (pTyr1349 and pTyr1234/1235) was significantly stronger in the shCon group compared with the shFER groups (Fig. 6G) . Overall, this analysis provides compelling evidence to suggest a prometastatic role of FER in ovarian tumorigenesis, suggesting that its inhibition may potentially attenuate metastasis.
Loss of FER attenuated metastasis of ovarian cancer cells injected into the peritoneal cavity
A prominent feature of ovarian cancer is that the tumor cells may be transported throughout the peritoneal cavity to adjacent organs by normal peritoneal fluid, which accelerates metastasis. In order to recapitulate this situation more accurately, we adopted a mouse model with intraperitoneal injection.
CAOV4 cells expressing either control shRNA (shCon; n = 6) or shRNAs targeting FER (sh1 [n = 7] and sh2 [n = 6]) (Fig. 7A) were injected, and necropsy procedures were performed 4 wk after inoculation. Representative images from mice intraperitoneally injected with control shRNAexpressing CAOV4 cells are illustrated in Supplemental Figure S6 . Consistent with the subcutaneous injection mouse model, the ability of CAOV4 cells to metastasize to surrounding tissue/organs, including the peritoneal wall, diaphragm, omentum, mesentery, ovary, stomach, and liver, was greatly decreased in the absence of FER ( Fig. 7B-H; Supplemental Fig. S7 ). Metastatic tumor quantifications from all three groups are summarized in the Supplemental Table. Expression of FER was elevated and inversely correlated with progression-free survival in ovarian cancer patients
In support of these functional studies of FER in ovarian cancer cell lines, we searched the Human Protein Atlas HGF-independent regulation of MET and GAB1 by FER to compare the protein expression level of the kinase between normal ovaries and malignant ovarian carcinomas. Consistent with our findings, we observed high expression of FER in human ovarian cancer samples; in contrast, the kinase was essentially undetectable in normal ovarian tissue but was present in ovarian follicles (Supplemental Fig. S8A ).
We analyzed the clinical data from over a thousand ovarian cancer patients (http://www.kmplot.com) in order to investigate further a relationship between FER expression and tumor metastasis. The data indicate that expression of FER was inversely correlated with progression-free survival (Supplemental Fig. S8B ). The extent of separation between low and high expression was similar 6 CAOV4 cells expressing either shCon (n = 6), FER sh1 (n = 7), or FER sh2 (n = 6). After 4 wk, necropsy procedures were performed, and the ability of CAOV4 cells to metastasize to surrounding tissue/organs, including the peritoneal wall (B), diaphragm (C), omentum (D), mesentery (E), ovary (F ), stomach (G), and liver (H), were assessed. (I ) Working model: In the absence of the ligand HGF, FER directly phosphorylated MET, GAB1, and possibly SHP2. This led to the activation of SHP2-MAPK and RAC1-PAK1 signaling downstream from MET to potentiate the motility and invasiveness of ovarian cancer cells.
to VCAM1 (Supplemental Fig. S8C ), a known metastasis gene in ovarian cancer (Slack-Davis et al. 2009 ).
Discussion
In this study, we demonstrated that expression of the nonreceptor PTK FER was elevated in malignant ovarian tumors and was inversely correlated with progression-free survival. In ovarian cancer cell lines, we observed that the levels of FER were elevated relative to those in immortalized normal surface epithelial cells and that suppression of FER attenuated the enhanced motility and invasive properties of these cancer cells. Mechanistically, we demonstrated that FER was an integral component of a novel pathway that underlies ligand-independent signaling downstream from the receptor PTK MET. In particular, FER phosphorylated a signaling site, Tyr1349, in MET, which enhanced activation of RAC1/PAK1 and promoted a kinase-independent scaffolding function that led to recruitment and phosphorylation of GAB1 and the specific activation of the SHP2-ERK signaling pathway (Fig. 7I) . Overall, this analysis provides new insights into signaling events that underlie metastasis in ovarian cancer cells, consistent with a prometastatic role of FER and highlighting its potential as a novel therapeutic target for metastatic ovarian cancer.
Given the pathological role of HGF-MET signaling in tumor growth and metastasis, it has been the subject of intense effort to develop various strategies to inhibit the receptor activation and downstream signaling (Comoglio et al. 2008 ). This includes small molecule inhibitors of its PTK function, particularly by competing with ATP binding. Alternatively, truncated forms of HGF (namely, NK2 or NK4) have been developed to compete for receptor binding without fully activating its tyrosine kinase function. Finally, anti-HGF-neutralizing antibodies have been generated with the goal of lowering the concentration of functional MET ligand in the microenvironment. A common feature of these approaches is the focus exclusively on HGF-dependent MET activation. In contrast, in this study, we demonstrated that Tyr1349, one of the Cterminal signaling sites of MET, was a novel substrate of the PTK FER. The evidence presented here also argues that this ligand-and autophosphorylation-independent activation of MET played an essential role in sustaining tumorigenic signaling downstream from the receptor. As such, this activation mechanism was insensitive to the potent, active site-directed MET inhibitor PHA-665752. In fact, a fourth category of inhibitor, involving a peptide that interferes with the C-terminal docking site of MET and which has been shown to display greater inhibitory effect and toxicity tolerance than the MET inhibitor PHA-665752 (Cantelmo et al. 2010; Cho et al. 2013) , becomes a more attractive strategy in this context. Considering the data presented here, it is possible that combinations of agents that block both liganddependent and ligand-independent activation of MET may be the most effective strategies for therapeutic intervention.
Aberrant up-regulation and activation of FER has been reported in a number of different cancers. Using an unbiased and global phosphoproteomic approach, the Comb group (Ren et al. 2012 ) observed activation of FER in 15 out of 69 (21.7%) ovarian tumors, whereas the ratio in normal controls is one out of 19 (5.2%). Several receptors have been identified as upstream activators of FER, including EGFR (Kim and Wong 1995) , PDGFR (Kim and Wong 1995; Craig et al. 2001) , and integrin (Ivanova et al. 2013 ). In addition, STAT3 (Priel-Halachmi et al. 2000) , cortactin (Kim and Wong 1995; Craig et al. 2001; Sangrar et al. 2007) , and Rac GTPase regulators (Fei et al. 2010; Ahn et al. 2013) , the functions of which are closely related to tumor progression and metastasis, have been identified as substrates of FER. Interestingly, through an unbiased kinome screening, Fukuda's group (Yoneyama et al. 2012) has identified FER as a key negative regulator of laminin-binding glycan, expression of which profoundly attenuates tumor cell migration. Mechanistically, they found that FER-STAT3 signaling suppresses the transcription of several glycosyltransferases, which are required for laminin-binding glycan synthesis. Recent studies also suggested a role of FER in resistance to the anti-cancer agent quinacrine, an effect that was mediated by an EGF-dependent activation of the NF-κB pathway (Guo and Stark 2011) . We found that FER was also upregulated in a panel of ovarian carcinoma-derived cell lines as well as human ovarian tumor samples, and its elevation inversely correlated with progression-free survival, including after chemotherapy, in ovarian cancer patients (Supplemental Fig. S8 ). Five-year survival rates are 90% and 70%, respectively, for women diagnosed with stage I or II ovarian cancer. Unfortunately, due to the lack of a reliable and accurate screening test for the early detection of this disease, <35% of women are diagnosed before stage III, and five-year survival for stage III or IV is <25%. Therefore, it is not surprising that Kaplan-Meier curves display a sharp negative slope from 0 to 24 mo after diagnosis, with both low and high expression of FER, a situation similar to that observed with the established metastasis-promoting gene VCAM1 in ovarian cancer. Nevertheless, it is clear that patients with low FER expression displayed a better prognosis.
Unlike PTKs of the SRC and ABL family, the activation mechanism of FER in cancer has yet to be fully elucidated. There is evidence to indicate that FER directly associates with receptor proteins through its SH2 domain (Kim and Wong 1995) . The resolution of the structure of the SH2 kinase domain fragment of FES, the other member of the FER family, revealed an important interface that was critical for allosteric regulation of the kinase by the SH2 domains, with FES activation occurring only upon ligand binding to its SH2 domain (Filippakopoulos et al. 2008) . Considering the conservation of these critical interface residues between FER and FES, it is likely that activation of FER also uses its SH2 domain. Interestingly, our results demonstrated specificity in the effects of FER on MET and selectivity for activation of SHP2-MAPK rather than PI3K-AKT or SRC downstream signaling pathways (Fig.  2) . Consistent with the report from the Mochizuki group (Kogata et al. 2003) , we found that tyrosine phosphorylation of GAB1-in particular Tyr627, the major docking site for the SH2 domain of SHP2-was robustly increased in the presence of FER (Fig. 5) . It is possible that the negative effect of SHP2 on PI3K activation via dephosphorylation of GAB1 p85-binding sites (Zhang et al. 2002) contributes to the activation of ERK MAPK following FER-mediated GAB1 tyrosine phosphorylation and SHP2 recruitment.
It is also important to note that the MET mutant that was deficient in ATP binding, although catalytically inactive, behaved like a "scaffold protein" to provide a platform for nucleating signaling components, including FER and GAB1, which facilitated the tyrosine phosphorylation of GAB1 as well as propagation of MAPK downstream signaling. This observation reinforces the concept that targeting the enzymatic activity of RTKs alone may not be sufficient in cancer treatment. In a pioneering study in this area, to elucidate the mechanisms underlying resistance to small molecule MET inhibitors, Park and colleagues (Lai et al. 2014 ) demonstrated that STAT3 and ERK pathways promote MET-dependent proliferation and MET-independent gastric cancer cell survival, respectively. Interestingly, although several reports supported the direct MET-dependent tyrosine phosphorylation of STAT3, other MET-independent regulators of STAT3 were also reported, with FER being among them (Priel-Halachmi et al. 2000) . In addition, Park and colleagues (Lai et al. 2014 ) illustrated the importance of ERK reactivation in promoting cell survival in the absence of MET activity, and combination treatments with both MET and MEK inhibitors showed improved efficacy compared with either alone. Considering the novel role of kinase FER in both MET and GAB1 tyrosine phosphorylation and downstream ERK activation demonstrated in this study, it is possible that FER may play a broader role in mediating the activation of ERK in other cancer contexts.
The FES and FER proteins represent a unique family of non-RTKs, distinguishing themselves from other tyrosine kinases by an N-terminal FES/FER/CIP4 homology/Bin1/ Amphiphysin/RVS (F-BAR) lipid-binding domain (Greer 2002; Craig 2012) . A function in the regulation of cytoskeletal rearrangement, cell polarity, vesicular trafficking, and endocytosis has been suggested for F-BAR domains. Unlike other F-BAR-containing proteins such as CIP4 or FBP17, the capacity of FER to promote deformation of protein-free liposomes into tubules is much weaker (Tsujita et al. 2006 ). However, it has been shown that the F-BAR domain along with the F-BAR extension domain (FX) of FER could bind specifically to, and be activated by, phosphatidic acid (PA) in the plasma membrane and that this PLD-PA-mediated regulation of FER plays a positive role in cell migration (Itoh et al. 2009 ). In addition, our published results demonstrate that ligand-induced endocytosis of RTK EGFR is suppressed in the presence of FER (Sangrar et al. 2015) . This suggests that FER may exert another tier of regulation on MET as well augment the kinase activity of the receptor. In fact, upon down-regulation, the activation loop of MET is dephosphorylated and inactivated by an ER-anchored protein tyrosine phosphatase, PTP1B. Interestingly, we reported previously that there was a decrease in expression of PTP1B in all 11 tested ovarian cancer cell lines compared with the two normal controls (Fan et al. 2013 (Fan et al. , 2015 , further supporting the idea that MET-dependent signals may be augmented at the level of both enhanced phosphorylation and activation as well as attenuated dephosphorylation and inactivation.
In summary, we report a novel mode of HGF-independent regulation of MET by the non-RTK FER. Importantly, activation of MET by this mechanism would not be inhibited effectively by the conventional MET-directed inhibitors that are the current focus of research. The implications of this study are that simultaneous targeting of FER together with MET may result in more effective treatment for ovarian cancer. Although no specific inhibitor of FER has been reported as yet, the recent success of inhibitor screens targeting the other family member kinase FES (Hellwig et al. 2012) suggest that it may be possible to exploit this strategy in the near future.
Materials and methods

Cell culture
Ovarian cancer cell culture conditions are described in Fan et al. (2013 Fan et al. ( , 2015 .
RNAi
shRNA knockdown of FER was established in CAVO4, CAOV3, and OVCAR5 by lentiviral infection following puromycin selection. Detailed protocols are described in Fan et al. (2015) . The shRNAs used were FER shRNA#1 seq (5 ′ -GCAGAAAGTTTGC AAGTAATG-3 ′ ) and FER shRNA#2 seq (5 ′ -GCCAAGGAAC GATACGACAAA-3 ′ )siRNAs targeting MET were purchased from Sigma: MET siRNA1 (SASI_Hs01_00133002) and siRNA12 (SASI_WI_00000001). siRNA was delivered into CAOV4 ovarian cancer cells by AMAXA electroporation (Kit T, Program T-020, Lonza).
Cell proliferation assay
CellTiter-Glo luminescent cell viability assay (Promega) was used to evaluate the role of FER in ovarian cancer cell proliferation. In brief, 1.5 × 10 3 cells per well were seeded in a 96-well plate and grown for the indicated time intervals. CellTiter-Glo reagent was added to each well and mixed for ∼15 min on an orbital shaker to induce cell lysis followed by luminescence reading. Results represent mean ± SEM from three independent experiments.
Cell migration and invasion assays
Cell motility was measured using cell culture inserts (8.0-μm pore size) for six-well plates (BD Falcon). Cell invasion was quantitated using BioCoat BD Matrigel invasion chambers (8.0-μm pore size). Cells (2 × 10 5 ) were grown in the insert. After 24 h, those cells retained inside the insert were removed, and those that migrated to the other side of the insert were fixed and stained with Karyomax Giemsa stain (Gibco, Invitrogen).
Wound healing assay
To measure cell migration, a confluent monolayer of cells was "wounded" by scraping a 200-μL pipette tip across the monolayer to produce lesions with a constant length. Any loose cells were removed by washing three times with PBS. Phase images were taken by a Zeiss Axiovert 200 M using AxioVision 4.4 software.
Immunofluorescence
Cells were fixed for 15 min in 3.6% formaldehyde diluted in PBS. After washing with PBS, the cells were incubated in 100% icecold methanol for 10 min at −20°C. Following fixation, cells were incubated in blocking solution (5% goat serum, 0.3% Triton X-100 in PBS) for 1 h at room temperature and then incubated with primary antibodies diluted in blocking solution overnight at 4°C. Following washing with PBS, the cells were stained with secondary antibodies diluted in blocking solution for 1 h at room temperature. The nuclei of the cells were highlighted by DAPI. The cells were mounted in Prolong Antifade (Molecular Probe, Invitrogen)
RNA extraction and quantitative RT-PCR (qRT-PCR)
Total RNA was extracted from ovarian cancer cells using the TRIzol reagent (Tel-Test, Inc.) according to the manufacturer's instructions. Two micrograms of RNA was used for cDNA synthesis with iScript (Bio-Rad). RNA expression was measured by real-time qRT-PCR using the SYBR Green method (Applied Biosystems). Each assay was done in triplicate, and the expression of each gene was calculated relative to the expression of β-actin cDNA.
Immunoblotting, immunoprecipitation, and GST pull-down assay
Cell extracts were prepared in RIPA lysis buffer (50 mM Tris HCl at pH 8, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) containing 50 mM sodium fluoride, 1 mM sodium orthovanadate, and 1× Complete protease inhibitor cocktail (Roche). Total protein concentration was determined by the Bradford assay. The primary antibodies used were as follows: p-Tyr (4G10: Millipore; pY20: Sigma,); Myc (9E10), PTP1B (FG6); FER, pErk1/2, Erk1/2, pY1234/1235 MET, pY1349 MET, MET, pY580 SHP2, SHP2, pS473 AKT, pT308 AKT, AKT, pY416 SRC, pY527 SRC, SRC, pY1068 EGFR, EGFR, pY705 STAT3, STAT3, pY627 GAB1, GAB1, β-catenin, pY421 cortactin, cortactin, pY165 p130CAS, p130CAS, PAK1, PAK2, PAK4, pS144 PAK1, RAC1, pY397 FAK, pY576 FAK, pY861 FAK, and FAK (Cell Signaling Technology); pp38 (Promega); p38 and BRK (Santa Cruz Biotechnology); pY402 FER and pY342 BRK (Millipore); pY142 β-catenin (Abcam); and β-tubulin and β-actin (Sigma). Precleared cell extracts were incubated with the indicated antibody for 4 h in a cold room with rotation followed by 1 h of pulldown by 1:1 protein A/G agarose beads. Immunoprecipitates were washed with lysis buffer three times before electrophoresis. For GST pull-down assays, precleared cell extracts were incubated with GST-RBD (RAC-binding domain on PAK; a gift from Linda Van Aelst's laboratory, Cold Spring Harbor Laboratory) for 4 h at 4°C with rotation. Immunoprecipitates were washed in lysis buffer three times before electrophoresis.
Animal work
All study protocols involving mice were approved by the Institutional Animal Care and Use Committee of the Cold Spring Harbor Laboratory and conducted in accordance with National Institutes of Health guidelines for the care and use of animals. In the subcutaneous injection model, 1 × 10 6 CAOV4 cells expressing shCon or shFER with a luciferase expression cassette were suspended in 10 μL of 1:1 mixture with DMEM and growth factor-reduced Matrigel (BD Biosciences) and subcutaneously injected into SCID-Beige mice (Taconic Laboratory). Subcutaneous tumor growth was monitored periodically by injecting 100 μL of 15 mg/kg D-luciferin (Gold Biotechnology) intraperitoneally and imaging the animal using a Xenogen imager (Xenogen IVIS-200 Optical in vivo imaging system). Tumor volume (in cubic millimeters) was measured with calipers before imaging (formula: volume = width 2 × length/2). A secondary surgery was performed to remove subcutaneous tumors 5 wk after inoculation. The volume (in cubic millimeters) and weight (in grams) of all subcutaneous tumors were measured. The clearance of subcutaneous tumors was examined 4 d after surgical resection by imaging. The recurrence of tumors was continually monitored twice a week by luminescence imaging until 10 wk after the first xenograft. Lung, liver, and bone tissues were harvested and submerged for 3 min in D-luciferin for ex vivo luminescence imaging. All tissues were rinsed in DPBS and fixed in formaldehyde solution (Sigma) for immunohistochemistry analysis.
In the intraperitoneal injection model, 5 × 10 6 CAOV4 cells expressing shCon or shFER were suspended in 500 μL of sterilized PBS and intraperitoneally injected into SCID-Beige mice (Taconic Laboratory). Four weeks later, necropsy procedures were performed to assess tumor spreading in the peritoneal cavity of the mice.
Histology
Paraffin-embedded tissues were sectioned and stained with H&E or specific immunohistochemical stains. The following primary antibodies were used for immunohistochemical staining: HGF (AF-294), pY1349 MET (AF3950), and pY1234,1235 MET (AF2480) (R&D Systems); and FER (Haigh et al. 1996) . Slides were digitally scanned using the Aperio ScanScope software.
Statistics
All statistics were performed using a standard Student's t-test.
